The complex, branched morphology of dendrites is a cardinal feature of neurons and has been used as a criterion for cell type identification since the beginning of neurobiology. Regulated dendritic outgrowth and branching during development form the basis of receptive fields for neurons and are essential for the wiring of the nervous system. The cellular and molecular mechanisms of dendritic morphogenesis have been an intensely studied area. In this review, we summarize the major experimental systems that have contributed to our understandings of dendritic development as well as the intrinsic and extrinsic mechanisms that instruct the neurons to form cell type-specific dendritic arbors. 
INTRODUCTION
Neurons are highly polarized cells that comprise dendrites and axons. Dendrites receive input through synaptic connections or by sampling the environment using sensory terminals, whereas axons transmit integrated signals from one neuron to another via synaptic connections. Hence, the subcellular specification of dendrite and axons determines the direction of information flow of neural circuits. The morphogenesis of dendrites during development plays critical roles in setting the receptive field of each neuron, as is evident considering that the morphologies of dendritic arbors have historically been used to describe different neuronal types. In the past two decades, major progress has been made in our understanding of how neurons acquire their type-specific dendritic morphology. In this review, we first conceptualize dendritic development by outlining the important questions and then summarize the cellular and molecular mechanisms that specify dendritic branching patterns.
Fundamental Problems in Dendritic Development
Dendrites face several fundamental developmental challenges to ensure appropriate assembly of functional neural circuits. First, dendrites must cover their dendritic fields to receive synaptic input or sample sensory modalities (Figure 1a) . Second, dendrites of a given type of neuron must not overlap so as not to result in the reception of ambiguous inputs. This setup is accomplished by a cellular behavior termed self-avoidance (Figure 1b) , which was initially postulated on the basis of studies of mechanosensory cells in the leech (1) . Direct experimental evidence for this concept also came from studies in the leech (2, 3) . When individual branches of a neuron were severed, other branches of the same neuron compensated by growing into the regions originally covered by the severed branches to ensure coverage of the dendritic field by this neuron (2, 3) . Similar self-avoidance was observed in other organisms, including the fruit fly Drosophila melanogaster (reviewed in Reference 4) and the nematode Caenorhabditis elegans (5) , and in dendrites of starburst amacrine cells of the mouse retina and cerebellar Purkinje cells (6) . The mechanisms mediating self-avoidance are largely genetically hardwired on the basis of the observation that primary mammalian retinal ganglion cells (RGCs) in culture elaborate dendritic structures, which are similar to their morphology in vivo and display minimal overlap of branches (7, 8) . A third developmental challenge is the coordination of dendritic growth to cover adjacent dendritic fields both of neurons of the same type and of neurons of different types. This process is known as tiling (Figure 1c,d ). Tiling can be conceptually classified into homotypic tiling (Figure 1c) , i.e., the coordination of dendritic growth of the same type of neuron, and heterotypic tiling (Figure 1d ), i.e., the coordination of dendritic growth of different types of neurons. Whereas heterotypic tiling is not understood, homotypic tiling was first described for RGCs in mice (9) but has since been shown in many different organisms. Lastly, the field size to be covered increases during growth. Such increases are achieved through a process termed scaling (Figure 1e) , and dedicated mechanisms likely exist to ensure that dendrites continue to cover their respective fields.
Commonly Used Models in Studying Dendritic Morphogenesis
Several experimental systems have been utilized to study these questions. Each system has distinct advantages and limitations. Useful features of model systems that have proven to be critical for studying dendritic development include (a) visualizing dendrites and manipulating genotypes with single-neuron resolution, (b) the ability to perform time lapse experiments to track the developmental course of dendritic development over extended periods of time, and (c) knowledge of the neurons' developmental lineage and cellular environment of dendritic growth. In the following section, we describe a few commonly used neuronal types and models that meet these criteria and that have contributed to key discoveries in dendritic development.
Drosophila melanogaster da neurons. Genetic studies using the da (dendritic arborization) neurons in D. melanogaster larvae have shed light on some of the core molecular programs that control dendritic development (10) . The da neurons are a group of multidendritic sensory neurons in the D. melanogaster peripheral nervous system (PNS). Each da neuron can be classified into one of four distinct subtypes, classes I, II, III and IV, in order of increasing dendritic complexity (11) . The four classes can be distinguished by their function (12) (13) (14) (15) , by dendritic and axonal morphology, and by gene expression profiles (11, 16, 17) . Mutagenesis screens, candidate gene studies, and genome-wide RNAi screens have revealed many transcription factors that act in combination to determine neuronal type-specific dendritic patterns.
Xenopus laevis and Danio rerio tectal neurons.
In vivo time lapse imaging of the dendritic arbors of single neurons were first made possible in transparent Xenopus frog tadpoles (27) . Single neurons in the optic tectum of transparent albino Xenopus tadpoles or zebrafish can be labeled by fluorescent dye and repeatedly imaged in live, intact animals over periods of hours to weeks. These neurons are derived from a proliferative zone in the caudomedial region of the optic tectum and migrate toward the rostral end. Thus, cells in the rostral and lateral regions of the tectum are chronologically older and morphologically more complex. In the first few days after birth, dendrites of these cells undergo a period of rapid growth and retraction. As the dendritic arbors mature, the rates of branch additions and retractions decline (27, 28) . Importantly, growth and stabilization of the dendrites are modulated by synaptic activity of presynaptic RGCs (29) . Studies of these neurons have greatly contributed to our knowledge on how neural activity regulates the dynamics of dendritic development in the central nervous system (CNS) (Figure 2c ).
Class I

Class IV
PVD
Hypodermal cell
On
Mammalian cortical pyramidal neurons. The cortical pyramidal neurons are the principal excitatory neurons of the vertebrate cerebral cortex and have been the main focus of numerous electrophysiological studies to understand the functions of cortical circuits (30) . Postmitotic neurons adopt bipolar morphology and migrate along the radial glia cells toward the pial surface. The leading process during the migration becomes the apical dendrite. Higher-order branches then develop from the apical dendrite and cell body (31, 32) . Although the development of single pyramidal neurons are hard to trace in vivo, slice overlay assays have been developed in which dissociated cortical neurons are plated onto cortical slices to mimic their endogenous growth environments. Guidance of the apical dendrite and subsequent growth and branching of higher-order dendrites are controlled by many chemical signals that also regulate axonal guidance (Figure 2d ) (32, 33) .
Vertebrate retinal ganglion cells and amacrine cells. The inner plexiform layer (IPL) of the vertebrate retina contains the axonal terminals of bipolar cells and dendrites of amacrine cells and RGCs. Bipolar cells relay the signal from photoreceptor cells to RGCs, which are the sole projection neurons (PNs) that propagate the information further into the brain. Meanwhile, multiple types of amacrine cells make horizontal connections with RGCs (34) . A closer examination of the IPL reveals that the axonal terminals of bipolar cells and the dendritic arbors of amacrine cells and RGCs are organized into multiple narrow, parallel sublaminae (34) . Each sublamina contains the processes of distinct cellular subtypes. There are approximately 20 types of RGCs, 30 types of amacrine cells, and 11 types of bipolar cells. RGCs of the same type target their dendritic arbors to determined sets of laminae, where they receive input from bipolar cells and amacrine cells with the same laminae specificity (35) (36) (37) (38) . Such laminal specificity is functionally relevant. For example, bipolar cells, amacrine cells, and RGCs that are depolarized upon an increase in illumination (the ON type) occupy approximately the inner half of the IPL, whereas connectivity of cells hyperpolarized by light (the OFF type) is confined to the outer half of the IPL. Different RGC types use different approaches to achieve laminar specificity. Some RGCs expand their dendritic arbor only in restricted laminae, whereas others initially occupy multiple laminae and undergo subsequent remodeling and retractions (37, 39) . Targeting can be both genetically hardwired and activity dependent. Genetic and imaging studies have revealed a set of molecular cues as well as activity-dependent mechanisms underlying lamina specificity (34) . The same principle applies to the development of dendrites from amacrine cells and other retinal cell types.
In addition to the layer-specific targeting of dendritic terminals, each type of RGC or amacrine cell tiles the entire retina with overlaps between cell types in a way that allows for parallel processing of many features of the entire visual space. Information such as the type and direction of movements, as well as colors of objects, then travels through different sublaminae of the IPL in parallel channels. The developmental mechanisms that underlie such functional organizationincluding the mechanisms of lamina-specific dendritic targeting, tiling, and self-avoidance-have been the focus of much effort (Figure 2e) (34, 40) .
We summarize some key features, advantages, and disadvantages of these commonly used model systems in Table 1 . Collectively, the discoveries in invertebrate and vertebrate systems have (Figure 3 ) (11, 42, 43) . Genetic screens have begun to reveal the basic transcriptional logic that specifies the different classes of sensory neurons in Drosophila. The basic helix-loop-helix transcription factor Hamlet acts at an early stage of development to control specification of external sensory neurons versus complex, multidendritic neurons (44) . Loss-offunction mutations in hamlet result in partial conversion of neuronal fate to that of multidendritic neurons (44) . Conversely, misexpression of hamlet results in simplification of dendritic arbors in multidendritic neurons. Thus, hamlet is a switch between an external sensory neuronal fate with a simpler dendritic morphology and the morphology of a more elaborate multidendritic neuron (44) . Genetic approaches have also shed light on the specification of the four classes of multidendritic da neurons (Figure 3a) . Combinatorial expression of transcription factors at varying levels controls specification and dendritic morphology within da neurons (reviewed in Reference 45). For instance, loss-of-function mutations in the conserved BTB (Broad/Tramtrack/Bric a Brac)-zinc finger transcription factor Abrupt result in increased arbor complexity of class I neurons, whereas overexpression of abrupt in other da neurons leads to simplified dendritic arbors (46, 47) . Thus, Abrupt can act cell-autonomously in class I neurons to suppress development of more complex dendritic arbors. The homeobox transcription factor Cut is expressed in a complementary pattern in class II-IV da neurons (48, 49) , with intermediate levels in class II and IV neurons and high levels in class III neurons. Expression levels of Cut do not correlate with arbor complexity or territory size. Nonetheless, loss of cut results in lower arbor complexity, and misexpression in low-level neurons promotes the elaboration of more complex dendrites that are characteristic of high-level neurons (49) . A third transcription factor, the Collier/Olfactory-1/early B cell factor Knot, is specifically expressed and required in class IV neurons for their complex arbors. Misexpression of Knot/Collier in other da neurons results in the transformation of simpler dendritic arbors into more complex arbors, suggesting that Knot/Collier is not only necessary but also sufficient to initiate formation of complex dendritic arbors (50) (51) (52) . A fourth transcription factor, Spineless [the fly homolog of the aryl hydrocarbon (dioxin) receptor in vertebrates], is also required to regulate arborization of da neurons (53) . However, the genetic relationships appear to be more complex. Loss of spineless affects different classes of da neurons in distinct ways, with neurons displaying either reduced or increased complexity (53) . For example, overexpression of spineless affects some da neurons, but not others, suggesting that Spineless functions both permissively and instructively (53) . Because Spineless does not regulate expression of any of the other key factors, precisely how Spineless mechanistically controls dendritic arborization remains to be seen. Generally, the regulatory relationships between different transcription factors, i.e., whether and how the transcription factors are regulated, are less clear. However, the emerging picture is that specification of dendritic arbor complexity is regulated in a combinatorial fashion through the expression of transcription factors of different types and at different levels. Forward genetic Caenorhabditis elegans mechanosensory neurons: six touch receptor neurons, which sense soft touch and display a simple dendritic morphology (e.g., AVM neurons, shown in red; the remaining five touch receptor neuron types are omitted for simplicity), and polymodal mechanosensory neurons, which display highly elaborate dendritic trees and sense harsh touch (e.g., PVD, shown in green; FLP neurons that exhibit a similar morphology are omitted for simplicity). (Lower) Shown is an ahr-1 mutant animal in which AVM neurons are converted (cAVM) to a morphology that resembles that of PVD neurons. (c) In C. elegans, the LIM homeobox transcription factor MEC-3 controls the fate of the AVM touch receptor neuron and the fate of the PVD polymodal somatosensory neuron. High levels of MEC-3 (black), which depend on AHR-1, the C. elegans homolog of the aryl hydrocarbon receptor, promote touch receptor neuron cell fate, whereas low levels of MEC-3 ( gray) may promote PVD fate. AHR-1 is required for MEC-3 expression but also independently inhibits PVD fate in touch receptor neurons (AVM). Similarly, an unknown factor (denoted by question mark) inhibits touch receptor neuron (AVM) fate in PVD neurons. Modified after Reference 59. screens have identified several dozen more transcription factors with a possible role in da dendritic arborization (17) , but few have been characterized with regard to their function in dendritic development.
An important question is whether such regulatory mechanisms are evolutionarily conserved. Several examples suggest that at least some transcription factors that mediate dendritic morphogenesis in flies also serve related functions in other species. For example, Cux1 and Cux2, the vertebrate homologs of Drosophila Cut, have been implicated in development of cortical dendrites (54, 55) . In cultured cortical pyramidal neurons, Cux1 limits the complexity of dendritic arbors (54) . In contrast, both Cux1 and Cux2 promote branching and growth of dendrites in cortical neurons of layers II and III of the cerebral cortex (55) . Thus, Cut homologs control dendritic arborization in mice as well, possibly in distinct ways depending on the cellular context. Similarly, ectopic expression of the BTB/POZ domain-containing putative transcription factor BTBD3, a homolog of Abrupt, is sufficient to remodel visual cortex dendrites that normally do not rely on BTBD3 to control dendritic arbor formation (56) , demonstrating that an abrupt homolog in mice can also control dendritic patterning. Lastly, a recent example from C. elegans suggests that, in addition to the function of individual genes, some regulatory principles of dendritic specification are conserved, although through the use of sets of both similar and different transcription factors. C. elegans contains two sets of touch-sensitive neurons: six touch receptor neurons (including ALMs, PLMs, AVM, and PVM), which sense soft touch, and two polymodal PVD somatosensory neurons, which are required for harsh-touch sensation. Soft-touch receptor neurons are characterized by a simple, unbranched dendritic morphology, whereas PVD somatosensory neurons are defined by a highly elaborate dendritic tree (Figure 3b) . The LIM homeobox transcription factor MEC-3 cell-autonomously determines the fate of both types of touch neurons (23, 57, 58) . However, low levels of MEC-3 appear to be sufficient for the specification of PVD neurons with their elaborate dendritic trees, whereas higher levels of MEC-3 are necessary and sufficient to specify the morphology and fate of the simpler soft-touch receptor neurons (59). This conclusion was revealed by a mutation in the aryl hydrocarbon receptor AHR-1, the C. elegans homolog of the bHLH transcription factor Spineless in D. melanogaster. In ahr-1 mutants, the AVM neuron is transformed to a converted AVM (cAVM), a PVD-like cell fate with increased complexity of the dendritic arbor (Figure 3b) . The cAVM cells express the transcription factor mec-3 at lower levels and show loss of expression of other soft-touch receptor-specific marker genes (59). However, whereas overexpression of mec-3 in converted cAVMs restores expression of soft-touch receptor cell fate markers characteristic of AVM, the simpler AVM morphology is not restored (59) . These data suggest that ahr-1 is required to maintain high levels of MEC-3 levels in soft-touch receptor neurons (thus establishing a simple dendritic morphology) while suppressing potential target genes that promote the complex dendritic morphology of PVD dendrites independently of mec-3 (Figure 3c) .
The studies in flies and worms indicate that AHR-1/Spineless is necessary to establish dendritic morphology but requires additional factors for diversification of cell fate, morphology, and function (MEC-3 in C. elegans and Cut and Knot/Collier in Drosophila). Thus, despite obvious differences between Drosophila and C. elegans, fundamentally similar principles mediate this dendritic patterning in both species: the expression of transcription factors in a combinatorial fashion and at different levels.
Which target genes are regulated by these transcriptional networks? Whole-genome approaches using da neurons in Drosophila determined the in vivo binding sites of both the Abrupt and Knot/Collier transcription factors (60) . By parsing this data set with transcriptional profiling of the different class I and IV da neurons in abrupt and knot mutants, investigators identified genes that are likely direct targets of these transcription factors (60 abrupt and knot with functions in class I and IV da neurons, 56 genes appeared to be regulated by both abrupt and knot/collier (60) . Some of the shared target genes were expressed at different levels. For instance, the transmembrane cell adhesion molecule Ten-m (encoded by tenascin major, also termed odd Oz) was expressed in class I and class IV da neurons at levels that were inversely proportional to arbor complexity. Thus, expression of transcription factors at different levels and in different combinations may differentially regulate expression of common target genes to control the complexity of dendritic arbors (60) . Similarly, transcriptional profiling of PVD neurons in C. elegans revealed many genes likely involved in PVD development, including 112 transcription factors as well as cell adhesion and axonal guidance factors (23) . For example, a claudin homolog encoded by hpo-30 in C. elegans is required for dendritic arborization and is regulated by both MEC-3 and AHR-1/Spineless (59) . These studies are promising beginnings, but further work will be required to establish the exact molecular framework that is controlled by these transcriptional regulators and to understand how they control dendritic arborization.
The Cell Biology of Dendritic Arborization
Neurons are highly polarized cells, with dendrites and axons occupying areas often at a considerable distance from the cell soma. Moreover, as a result of extensive arborization, the cell surface of a neuron often far exceeds the cell surface area of other cells. These facts pose significant cell biological challenges that have to be met by developing neurons and dendrites. First, proteins and lipids, i.e., the building blocks of the plasma membrane, have to be transported in substantial amounts to the distal regions of growing dendrites or axons. This process requires vesicular transport that is largely microtubule based. Second, the cytoskeleton has to be extended and regulated to allow for extensive growth. Third, the secretory and endocytic pathways have to operate in concert to allow for coordinated secretion of cellular components to control dendritic arborization. These three aspects and their significance for dendritic development are discussed below.
Vesicular transport is required for dendritic arborization. Among the first studies to demonstrate a function for microtubule-based motors in dendritic development were in vitro experiments that demonstrated that CHO1/MKLP1 (a kinesin-related motor protein) is localized preferentially in dendrites and is required for dendritic arborization (61, 62 (64); all these proteins are part of dynein-or kinesin-associated motor complexes. Mutations in these genes resulted in a redistribution of Golgi outposts and branch points to positions more proximal to the cell body (63, 64) . Golgi outposts are specialized Golgi organelles that were first described in mammalian neurons and are preferentially associated with branching points in dendrites (65, 66) (see below). Phenotypes similar to those in dynein mutants were also observed in da neurons of flies that carried a mutation in the coil-coiled adaptor protein golgin/Lava lamp (encoded by lva), which acts as an adaptor to link cargo with the dynein-dynactin complex (67) . The transport of cargo during dendritic morphogenesis in C. elegans PVD mechanosensory neurons also depends on the dynein motor complex (68) . In vertebrates, the kinesin adaptor protein GRIP is also required for dendritic development (69) . Loss of function of GRIP results in reduced branching, whereas overexpression of GRIP results in increased dendritic branching, and the interaction between kinesin and dendritic cargos requires GRIP (70) . Collectively, these studies
suggested that dynein-mediated transport of cargo is a conserved aspect important for dendritic morphogenesis.
Cytoskeletal factors control dendritic development. Development of dendrites requires the coordinated polymerization of cytoskeletal components such as tubulin and actin to allow for directed transport of vesicles and cytoskeletal growth. Important genes that regulate growth dynamics of the cytoskeleton include genes that encode Ras-related small GTPases such as RhoA, Rac1, and Cdc42. These proteins shuttle between an activated, GTP-bound form and an inactive, GDP-bound form to control actin polymerization. Rac1 and Cdc42 positively regulate dendritic development. Genetic removal of Rac1 results in simplified dendritic complexity in neurons of the fly mushroom body (71) and in da class IV neurons (72, 73) . Similarly, loss of Cdc42 results in compromised branching of dendrites in the fly visual system (74) . In contrast, loss of RhoA results in excessive dendritic development in fly mushroom body neurons (75) , and constitutively active RhoA results in reduced dendritic formation in several systems, including RGCs of chick and frogs and the rat hippocampal neurons (76) (77) (78) (79) . Taken together, these findings suggest that the normal function of RhoA is to negatively regulate dendritic development. Phenotypes consistent with this hypothesis are also seen in mutants of genes that regulate small GTPases, such as GAPs (GTPase-activating proteins) and GEFs (guanine nucleotide exchange factors), which normally enhance and reduce GTPase function, respectively. Mutations in GAPs like NOMA-GAP result in hyperactive Cdc42 and in simplified dendritic branches (80) . Similarly, Tiam1, another GEF that activates Rac1, is required for dendritic spine development (81, 82) . Some progress has been made to understand the signaling events that operate downstream of RhoA, Rac1, and Cdc42 during dendritic development. For instance, the effects of expression of activated RhoA depend on Rho-associated kinase (ROCK) (79) , suggesting that this kinase acts downstream of RhoA. In contrast, there is evidence that the serine/threonine kinase Pak1 is activated by Rac1 and Cdc42 to control dendritic branch formation (83) . Other proteins that regulate actin dynamics-including cofilin (80) and Enabled (ena), the substrate of the tyrosine kinase Abelson (84)-also play a role in dendritic development. Dendritic patterning, however, is also controlled by microtubules. These cytoskeletal components, in addition to providing the basis for coordinated transport of cellular cargo, are also important in providing structural support for dendrites and establishing polarity in neurons (reviewed in Reference 85). The structural support by microtubules appears to be provided in cross talk with the actin cytoskeleton. For example, the small GTPase Rac regulates the cell cycledependent kinase 5 (Cdk5) (86) . Cdk5 regulates the actin cytoskeleton and phosphorylates and interacts with proteins that associate with factors of the microtubule cytoskeleton, including LIS1 (87, 88) . Mutations in LIS1 result in lisencephaly, a severe neurodevelopmental disorder, in humans and result in defects in dendritic branch formation in mice (89, 90) . In addition, proteins that contain both microtubule-and actin-binding domains, such as the D. melanogaster linker protein Kakapo (Kak/short stop; MACF in vertebrates), provide a potential physical link between the actin cytoskeleton and the microtubule cytoskeleton (91, 92) . Beyond providing stability, microtubules may also serve a more direct role in determining the extent and location of new dendritic branches. In D. melanogaster da neurons, acentrosomal nucleation of microtubules and the initiation of new dendritic branches are initiated preferentially near Golgi outposts, thus providing a link between Golgi outposts and the regulation and initiation of branch formation (93) . These mechanisms appear to be at least partially conserved, as γ-tubulin also plays a role in the nucleation of acentrosomal microtubules and in the formation of dendrites in hippocampal pyramidal neurons of the mouse (94) . In summary, we are getting glimpses of the machineries operating the cytoskeleton, but much remains to be learned about their function during dendritic patterning.
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Secretory and endocytic pathways are necessary for dendritic arbor development. Two independent lines of evidence suggested an involvement of the secretory pathway in dendritic development. First, the observation of specialized Golgi compartments outside of the soma and associated with dendritic branching points suggested involvement of the secretory pathway in dendritic morphogenesis (66) . Because of their distance from the bona fide Golgi, these structures were named Golgi outposts, and they were shown to be preferentially associated with dendritic branching points (66) . Direct in vivo evidence for the requirement of the secretory pathway was revealed through forward genetic approaches using the da neurons in flies (95) . In a screen for dar (dendritic arbor reduction) mutants, alleles of dar2, dar3, and dar6 were recovered (95) . These genes encode the fly homologs of yeast Sec23, Sar1, and Rab1, which function in COPII-mediated transport from the endoplasmic reticulum to the Golgi (reviewed in Reference 96), and mutations in either of these genes result in a fragmented and dispersed Golgi apparatus. Loss-of-function mutants of Sar1/dar3 resulted in reduced growth of da dendrites in flies but did not affect the axonal portion of the neurons (95) . These functions appear to be conserved in vertebrates; siRNA-mediated knockdown of Sar1 in cultured rat hippocampal neurons resulted in similar stunted growth of dendrites in culture. At least some of the effects of reduced dendritic growth may be the result of restricted availability of membrane components because FRAP (fluorescence recovery after photo bleaching) experiments with a fluorescent membrane marker indicated that fluorescence recovery was significantly impaired in Sar1 knockdown neurons (95) . This compromised FRAP recovery correlated with defects in Golgi outpost dynamics following different genetic perturbations, indicating that Golgi outposts are an integral component of regulating membrane dynamics during directed dendritic growth.
EXTRINSIC FACTORS CONTROLLING DENDRITIC DEVELOPMENT
Although the intrinsic factors are the cellular engines that drive dendritic growth and branching, extracellular signals play instructive roles in guiding the direction of growth and the location of dendritic branching. In contrast to the case of a single axonal process, dendrites face another layer of complexity, which is to make branching decisions at correct locations. Similar to axonal guidance, several different types of dendritic patterning cues can be categorized on the basis of the range of their actions. First, long-range, diffusible gradients can help orient dendritic growth and the complexity of branches. Second, transmembrane proteins or secreted factors with limited diffusion abilities act locally to restrict the growth pattern and to precisely guide the location of branching. Third, relevant to dendritic development, dendro-dendritic interactions exist to ensure tiling, self-avoidance, and coexistence (Figure 4) . In this section, we present several examples of each type of signaling and how they pattern dendritic development. At the core of this question is the understanding of receptor-ligand interactions that guide dendritic growth and branching. Although our knowledge of dendritic morphogenesis is far less than for axonal guidance, we summarize a few pairs of receptor-ligand complexes identified in various experimental systems that regulate dendritic morphogenesis.
Signals That Regulate Dendritic Orientation, Growth, and Branching
Similar to the case of axonal development, the orientation and extension of dendrites are dictated by a number of long-range diffusible signals. In fact, dendrites often utilize axonal guidance cues but can sometimes generate different responses than do axons. In this section, we review the key players in dendritic guidance by highlighting a number of classical axonal guidance ligands and trophic factors, their receptors, and the downstream signaling pathways that also play important roles in determining orientation, growth, and branching of dendrites.
Signals that regulate development of cortical pyramidal cell dendrites. Following migration to the cortical plate, cortical pyramidal cells extend an axon toward the ventricle and an apical dendrite toward the pial surface. Dendritic morphogenesis of these cells is controlled by coordinated actions of a number of molecules. The guidance of axon and dendrite to opposite directions appears to be mediated by the same molecular gradient but different signaling pathways.
Sema3A.
A chemotropic signal present at high levels in the cortical plate, Sema3A mediates both the attraction of the pyramidal neurons' apical dendrite and the repulsion of the axon (32, 97) . Semaphorins are a large family of both secreted and membrane-bound proteins that share a sema domain (98) . Sema3A of the class 3 subfamily functions as a chemoattractant/repellant through binding to its neuronal receptors, neuropilins and plexins (99) . The polarized response to the same signal by axons and dendrites is a result of compartmentalized localization of soluble guanylate cyclase (sGC) only in the dendrites. The receptors for Sema3A, PlexinA2 and Neuropilin-1 (NP-1), are present on both the axonal and dendritic membranes. In the presence of sGC, activation of the Sema3A receptor triggers attraction by producing cGMP and downstream signaling through cGMP-dependent protein kinase (PKG). Abolishing any one of these components leads to misorientation of apical dendrites (32) .
Slit and Roundabout.
Slits are another family of diffusible chemotropic cues for axonal guidance. These large, leucine-rich repeat (LRR)-and EGF-like repeat-containing ligands were first
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identified at D. melanogaster as well as at vertebrate midlines to mediate the repulsion of the growth cone away from the midline after crossing (100, 101). The effects of Slits are mediated by the Roundabout (Robo) family of receptors. Slits induce the growth and branching of neurites of sensory neurons in vitro (102) . Out of the three vertebrate slit and three robo genes, slit1, robo1, and robo2 are highly expressed in the developing neocortex during pyramidal dendritic morphogenesis. Addition of Slit1 promotes growth and branching of cultured cortical neurons. Applying ectodomains of the Robo1 or Robo2 receptors blocks the effect of Slit1 in dissociated cultures as well as in slice overlay assays, indicating that endogenous Slit1 produced in the cortical plate may induce the formation and elongation of dendritic branches (103) . Intriguingly, zebrafish Slit1 inhibits RGC cell arborization through both a Robo2-dependent mechanism and a Robo2-independent mechanism, suggesting that similar molecular cues can have distinct effects in different developmental contexts (104) .
Neurotrophins. Many studies with neuronal cultures showed that multiple neurotrophic factors can regulate the growth and retraction of dendrites. Neurotrophins, including nerve growth factor, brain-derived nerve growth factor (BDNF), neurotrophin-3, and neurotrophin-4, are targetderived secreted growth factors that promote the survival and growth of neurons through binding to the Trk family of tyrosine kinase receptors (105) . Early studies in slice cultures showed that application of neurotrophins increases the length and complexity of pyramidal dendrites. Cells in different cortical layers exhibit different sensitivity to neurotrophins (106) . Similar effects have been observed in vivo in the PNS (107, 108) . Activated Trk receptors trigger downstream signaling cascades involving PI3-kinase and MAP kinase as well as Cdk5 (109, 110) and require an ankyrin repeat-rich membrane-spanning protein, Kidins220 (111) . It has also been well established that activated axonal Trk receptors are internalized to form signaling endosomes and trafficked retrogradely to the cell bodies and dendrites, where they exert their functions (112) . Such signaling endosomes are recruited to dynein motors by an adaptor protein, Snapin, for retrograde axonal transport. Deleting Snapin or disrupting Snapin-dynein interaction impairs BDNF-TrkB retrograde signaling and results in impaired dendritic growth (113).
Notch.
As the cortical neurons mature, dendrites eventually slow down their growth rates, stabilize their arbors, and fine-tune their synaptic connections with presynaptic axons. A type I cell surface receptor, Notch, and its ligands play important roles in this process (114) (115) (116) . The Notch signaling pathway was first identified in D. melanogaster and C. elegans and was shown to exert multiple functions during various stages of development (116) (117) (118) . Upon binding and activation by its ligands, Delta and Jagged, the intracellular domain (ICD) of Notch is cleaved and translocated into the nucleus, where it functions as a transcriptional regulator (118, 119) . During mammalian cortical development, the ICD of Notch is first diffusely localized on the plasma membrane after neurons are generated in the ventricular zone and migrate toward the cortical plate (114, 115) . As neurons extend their neurites and fasciculate with neighboring cells, membrane Delta and Jagged activate the Notch receptor on each other's surfaces in a contact-dependent manner (114) . This activation triggers the translocation of the Notch ICD into the nucleus, where the ICD induces the activation of the C-promoter binding factor (CBF1) and many other downstream targets to inhibit dendritic growth. Knocking down Notch signaling causes neurons to form abnormally long but less complex dendrites, whereas overexpression of constitutively active Notch ICD triggers premature slowing of neurite extension (114, 115) . In summary, dendritic development of cortical neurons requires the coordinated actions of several ligand-receptor pairs. In the cortical plate, neurons first extend an axon toward the white matter and then extend the apical dendrite toward the pial surface. Both the repulsion of the axon 286 Dong · Shen · Bülow and the attraction of the apical dendrite are mediated by Sema3A near the pial surface. Further growth and branching are promoted by local Slit, BDNF, and other neurotrophins. As the neurons mature and intercellular contacts increase, Notch signaling inhibits further extension of neurites and stabilizes the dendritic arbors.
Axonal guidance molecules that regulate dendritic outgrowth in invertebrates. Consistent with findings in mammalian cortical slice cultures, many axonal guidance molecules also regulate the growth and branching of invertebrate neurons in vivo. In loss-of-function fly mutants of slit or robo, aCC motor neurons fail to elaborate their dendritic arbor within the neuropil (120) . Similarly, type IV da neurons show significantly reduced branching complexity in slit and robo1 mutants (121) . Members of another family of axonal guidance molecule, netrins, mediate dendritic guidance in the D. melanogaster CNS and PNS. Netrins are secreted proteins that can act as both chemoattractant and repellant. When bound to the UNC-40/Frazzled/Deleted in Colorectal Cancer (DCC) receptor, it mediates axonal attraction. Binding to another receptor, UNC-5, however, triggers repulsion (122) (123) (124) . In D. melanogaster, both axons and dendrites of RP3 neurons fail to extend toward the midline in frazzled-null or netrinA and netrinB double-null mutants (125) . Likewise, in the PNS, localized sources of netrin acting through Frazzled determine the orientation and precise targeting of da neuron dendritic branches (126) . In C. elegans, UNC-40/DCC is enriched in the dendrites of DA9 motor neurons and promotes dendritic outgrowth in response to a highly local source of UNC-6/netrin, in part through a serine-threonine kinase, PAR-4/LKB1 (127) . Netrins' function in dendritic morphogenesis in the mammalian CNS has remained less clear.
Signals That Specify the Precise Location of Dendritic Branch Elaboration and Targeting
Among the many neuronal cell types that have been studied, there are many cases in both the PNS and CNS in which precisely localized molecular signals are required for spatial patterning of dendrites. For example, da neurons in adult Drosophila establish a lattice-like morphology along the basement membrane between muscle fibers underneath the epidermis (128) . Multimodal somatosensory neurons in vertebrates also establish similarly organized, rather than random, morphologies (22, 129) . In the mammalian retina, dendritic arbors of amacrine cells and RGCs are strictly organized into defined laminae in the IPL (34) . Time lapse imaging of the zebrafish retina revealed that at least some RGC dendrites elaborate branched arbors only when they reach their target layer, indicating the existence of branch-promoting factors arrayed within the IPL (37, 130) .
Receptor-ligand interactions promote lamina-specific amacrine and RGC dendritic arborization. The laminal organization is a striking feature of retina neuropils with clear functional significance. To achieve this organization during development, RGCS must elaborate their dendritic arbors at the correct locations to match the axonal terminals that they receive signals from. Two sets of proteins have been shown to play key roles in this process.
The immunoglobulin superfamily code. In the chick retina, a group of closely related immunoglobulin superfamily (IgSF) transmembrane proteins-Sidekick1 (Sdk1), Sdk2, Dscam, DscamL, and contactins 1-5-are expressed in nonoverlapping subsets of RGCs and interneurons (39, 130, 131) . Neurons expressing the same IgSF protein target their axonal or dendritic terminal to the same sublaminae in the IPL. It is thus plausible that the axons of bipolar cells and dendrites of RGCs and amacrine cells utilize their expression of these proteins as a code for synaptic partner www.annualreviews.org • Mechanisms of Dendritic Morphogenesisrecognition and lamina stratification. Indeed, these proteins are localized to the axonal and dendritic termini with the assistance of the PDZ domain-containing scaffolding protein MAGI (132) and mediate homophilic interactions. Knocking down one of these proteins, for example, Sdk2, results in disruption of lamina specificity of only the Sdk2-expressing RGCs without affecting other RGC subtypes, whereas ectopic expression of Sdk2 can divert the neuronal processes into the laminae in which the protein is endogenously concentrated (130, 131) . These results led to a very appealing model in which axonal and dendritic processes of pre-and postsynaptic partners can utilize the expression of the same homophilic recognition molecule to achieve targeting and synaptic specificity. The model does not explain, however, how laminae are established in a stereotypical and consistent out-in sequence or how cells of each subtype route their dendrites to particular laminae.
The semaphorin-plexin code. The semaphorin family proteins and their receptors, plexins, are also expressed in the retina and are localized to specific laminae during retina development (133) (134) (135) . Unlike Ig proteins, which mediate homophilic interaction, semaphorins and plexins function by repulsion: RGC and amacrine dendrites express a particular combination of receptors that prevent them from crossing lamina containing high levels of ligand. For example, the IPL can be divided into ON and OFF layers on the basis of the cells' different physiological responses to light. Sema6A is localized in the ON (inner) layers of the IPL. Sema6A's receptor, PlexA4, is expressed in subtypes of amacrine cells that normally target their dendrites to the OFF layers. In Sema6A
−/− mutants, dendrites of these cells appear ectopically in deeper layers (134) . Similarly, Sema5A and -5B are expressed redundantly in the outer portion of the retina above the IPL. Many RGC types expressing the PlexA1 and -A3 receptors, especially those targeting the outer (OFF) sublaminae, have their dendrites mislocalized to outer parts of the retina such as the outer plexiform layer (133) . Starburst amacrine cells, a type of amacrine cell important for directionselective vision, can be further divided into ON and OFF subtypes. ON starburst amacrine cells target their dendrites to the deeper layers of IPL, whereas OFF starburst amacrine cells target their dendrites to the upper laminae. PlexA2 is expressed in all subtypes, whereas Sema6A is expressed only in ON, but not in OFF, cells. Sema6A repels PlexA2 + , Sema6A − (OFF) dendrites, but not PlexA2 + , Sema6A + (ON) dendrites. Thus, in Sema6A −/− or PlexA2 −/− mutants, dendrites of OFF starburst amacrine cells are found ectopically in ON laminae (135) . Together, these studies support a complementary approach to Ig codes in which semaphorins and plexins act as repellents to restrict the dendrites of RGCs and amacrine cells to specific layers.
In summary, the retina has provided the best case so far with which to understand the restricted development of dendritic arbors. Both attractive and repulsive cues play important, likely complementary, roles. The diversity of both the Ig family and the semaphorin family provides a combinatorial molecular code that allows for the targeting of many different neuronal types.
Signals that instruct targeting of projection neurons in Drosophila melanogaster antenna lobe. A similar example of precise dendritic targeting is seen in the D. melanogaster olfactory system, in which transmembrane Sema-1a and secreted Sema-2a and Sema-2b instruct the targeting of PN dendrites to discrete glomeruli (136, 137) . Similar to the vertebrate olfactory bulb, the fly antennal lobe is made of 50 glomeruli, which are neuropils made of axons of 50 classes of olfactory receptor neurons (ORNs) and 50 classes of PNs with one-to-one connections. Targeting of different classes of PN dendrites to distinct locations within the antennal lobe plays critical roles in the wiring of the olfactory circuit (138) . The antennal lobe contains ventral-medial (VM) high, dorsal-lateral (DL) low gradients of both Sema-2a and Sema-2b (137) . The dendrites of each individual PN class, in contrast, express distinct levels of Sema-1a. Dendrites expressing high levels of Sema-1a are targeted to the DL regions, where Sema-2a and -2b are low, whereas dendrites containing low levels of Sema-1a are targeted to the VM regions, where Sema-2a and -2b are high (136) . The Sema-2a and -2b gradients are provided by the ORN axons of the larval-specific antennal lobe, which is VM to the adult-specific antennal lobe and undergoes degeneration while the PN dendrites of the adult antenna target the area (137) . Further targeting into specific glomeruli requires LRR-containing membrane receptors Capricious and Tartan (139, 140 ). These results demonstrate that quantitative signaling based on a graded distribution of ligands can specify dendritic targeting of many different classes of neurons.
A receptor-ligand complex specifies the precise locations of Caenorhabditis elegans PVD dendritic formation. Dendrites of C. elegans PVD neurons show striking, highly organized morphology. All branching points that give rise to menorah structures are organized precisely along the two longitudinal lines (Figure 2b) . Genetic studies have revealed that two skin-derived cell adhesion molecules, SAX-7 and MNR-1, serve as prepatterned guidance cues to inform the neuron of the precise locations of branch formation. SAX-7 is a homolog of mammalian L1 cell adhesion molecule, and MNR-1 is a member of the conserved Fam151 family of proteins. Both proteins are expressed in skin hypodermal cells, with SAX-7 enriched in two lines along the border between lateral muscle quadrants and hypodermal cells. Hypodermal SAX-7 and MNR-1 function as a coligand complex that directs the growth and branching of PVD dendrites through interaction with their neuronal receptor, DMA-1, a LRR-containing transmembrane protein. When the developing secondary dendrites reach an area with highly enriched SAX-7 and MNR-1, the DMA-1 receptor signals the formation and growth of all tertiary branches and subsequent higherorder branches. Ectopic expression of SAX-7 and MNR-1 can generate a predictable, unnaturally patterned dendritic arbor in a DMA-1-dependent manner (25, 26) . These studies present an example of a precisely localized extrinsic guidance signal that specifies where to form and grow new branches.
Integrins mediate da neuron-substrate interaction. Similar to PVD neurons in C. elegans, D. melanogaster da neurons also expand their two-dimensional dendritic arbors between the epidermis and muscles. Electron microscopy studies revealed that da neuron dendrites are located between the basal epidermal membrane and the extracellular matrix (ECM). Integrin receptors are required autonomously in da neurons to maintain their position on the ECM through interaction with epidermal-secreted laminin (141, 142) . Loss of either integrin or laminin causes the dendrites to detach from the ECM and become enclosed within epidermal invaginations (141, 142) . Because the dendrites in these mutants are no longer restricted to a two-dimensional surface, sister dendrites cross each other and overlap in dendritic fields. These results demonstrate the importance of dendrite-substrate interaction in proper dendritic development and function.
Glycosaminoglycans control patterning of sensory terminals. Other extracellular molecules implicated in development of sensory arbors and dendrites include proteoglycans such as chondroitin sulfate proteoglycans (CSPGs) and heparan sulfate proteoglycans (HSPGs). CSPGs differ from HSPGs in the type of core proteins to which the glycosaminoglycan chains are attached and in the types of glycosaminoglycans that are attached to the core proteins [chondroitin sulfate (CS) versus heparan sulfate (HS)] (reviewed in Reference 143) . Both CS and HS are unbranched polymers of disaccharide repeats comprising a glucuronic acid and a hexosamine residue (galactosamine for CS and glucosamine for HS). Characteristic of both CS and HS are nonrandom and nonuniform modifications of the sugar residues through epimerization, acetylation, and sulfation,
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resulting in CS and HS chains with an enormous molecular diversity. Thus, CSPGs and HSPGs are similar, yet molecularly distinct, extracellular molecules (144) . The sensory axons of vertebrate dorsal root ganglion neurons that normally innervate the skin in the periphery require the coordinated action of CSPGs and HSPGs. Specifically, CSPGs and HSPGs act as ligands for the leukocyte common antigen-related (LAR) protein, a receptor tyrosine phosphatase, yet have opposing functions on dorsal root ganglion neurons in culture (145) . HSPGs normally promote neurite growth, whereas CSPGs inhibit growth. Crystallographic studies suggested that HS occupies a binding site on the LAR phosphatase extracellular domain, resulting in clustering of the receptor and neurite extension (145) . In contrast, interactions with CS displace HS and result in a conformational change of the LAR receptor. These interactions suppress oligomerization of the LAR receptor and inhibit sensory axonal extension (145) . Similar observations were made in vivo through study of Rohon-Beard somatosensory neurons in zebrafish. These neurons form elaborate sensory arbors that innervate the skin (146) . The LAR tyrosine phosphatase receptor is expressed in Rohon-Beard neurons, and knockdown of LAR in Rohon-Beard neurons results in defects in skin innervation of somatosensory arbors (147) . Comparable defects were also seen in dackel mutants in which HS biosynthesis is compromised, and genetic interactions between the genes encoding dackel and LAR indicated that both genes act in the same pathway to pattern somatosensory arbors (147) . Thus, HSPGs steer somatosensory arbors of Rohon-Beard neurons toward the skin, possibly by directly interacting with LAR tyrosine phosphatase receptors on these neurons.
In summary, developing dendrites utilize both diffuse gradients and membrane-tethered cues to make global and local decisions in a way very similar to that of developing axons. The involvement of multiple axonal guidance molecules in dendritic branching further supports the notion that the same gradients can be interpreted by both axonal and dendritic growth cones. However, some branching cues such as MNR-1 appear to be specifically reserved for dendrites.
Molecules That Mediate Dendro-Dendritic Interactions
As discussed above, developing dendrites face the significant challenge of self-recognition. Dendrites from the same neuron avoid overlapping with each other. How each neuron acquires its unique identity and how sister dendrites recognize selves have been beautifully explained by two gene clusters with an extraordinarily large number of splice isoforms. However, the mechanisms for dendritic tiling-avoidance of different neurons of the same type-remain unsolved.
Self-avoidance. Much progress has been made in understanding the mechanisms for selfavoidance between sister dendrites of the same neuron. Vertebrates and invertebrates have evolved distinct molecular machineries that are strikingly similar in principle to tackle this problem. In D. melanogaster, self-avoidance is mediated by alternative splicing of the Dscam1 locus (18, 148, 149) . The Dscam1 gene encodes a huge number of Ig cell recognition molecules through alternative splicing (150) . Splicing occurs probabilistically so that each neuron randomly expresses multiple splice isoforms of Dscam1 that differ from those of its neighbors (151) . Dendrites of the same neuron have the same isoforms on their membrane and undergo contact-dependent repulsion mediated by homotypic Dscam1 interaction. The specificity is very high such that any alteration in Ig domain structure disrupts binding (152, 153) . These properties give the neurons the ability to distinguish self from nonself and to ensure that the sister dendrites do not overlap in receptive field (40, 154) . Loss of Dscam1 causes da neuron dendrites to show self-avoidance defects and to collapse onto each other. The latter phenotype arises due to lack of self-repulsion combined with uniform responses of sister dendrites to local targeting cues (126) .
Similarly, clustered protocadherins (Pcdhs) in vertebrates encode many different isoforms that are arranged in three tandem clusters: α, β, and γ Pcdhs. Deletion of all 22 Pcdh genes in the mouse γ subcluster disrupts self-avoidance of starburst amacrine cells and cerebellar Purkinje cells. Replacing all isoforms with a single isoform restores self-avoidance but also decreases interactions between dendrites from different cells (6) . Thus, despite their lack of sequence homology, the D. melanogaster Dscam1 and vertebrate Pcdh proteins utilize the same strategy for self-recognition (40, 154) .
In addition to Pcdh mutants, starburst amacrine cell dendrites in PlexA2 −/− or Sema6A −/− mutants also show a severe self-avoidance defect in addition to their lamina stratification phenotype (135) . The defect is restricted to ON starburst amacrine cells, as Sema6A is not expressed in OFF starburst amacrine cells, in contrast to the case for Pcdhs, whose expression is required in all starburst amacrine cells. Thus, Sema6A/PlexA2-mediated repulsion is also required for proper self-avoidance.
In the cerebellum, in addition to Pcdhs, Slit2 and Robo2 are also selectively expressed in cerebellar Purkinje cells and are necessary for dendritic self-avoidance. As opposed to functioning as a secreted ligand, Slit2 needs to be membrane bound to exert this function. Membrane-bound Slit2 mediates repulsion between sister dendrites through activation of the Robo2 receptor; thus, multiple mechanisms act in concert to ensure proper morphogenesis of these large and highly complex dendritic arbors (155) .
Contact-dependent repulsion between tertiary dendrites of C. elegans PVD neurons is mediated partially by UNC-6/netrin. In one proposed model, UNC-40/DCC captures the UNC-6 ligand at the tips of dendrites and presents it to the UNC-5 receptors on neighboring sister dendrites to mediate self-avoidance (5). However, other mechanisms may act in concert because the phenotype shows a partial penetrance. Collectively, studies from various model systems suggest that dendritic self-avoidance is due to membrane receptor-mediated self-recognition and contact-dependent repulsion.
Tiling. Studies of Drosophila class IV neurons have suggested that signals between the dendrites of neighboring neurons are required for tiling (156) (157) (158) , but the molecular basis for tiling remains largely elusive. Genetic studies in da neurons have identified a kinase cascade that contributes to tiling of class IV da neurons (159, 160) . Hippo, an STE20 family kinase, phosphorylates and activates Tricornered (TRC), a kinase of the NDR family. TRC and its positive cofactor, Furry (FRY), are required to prevent overlap of dendrites from neighboring class IV neurons (159) . More recent studies on the interaction between the da dendrite and the epidermis suggest that FRY affects dendritic enclosure by epidermal cells. As a result, the overlap of processes in these mutants appears to arise primarily due to a lack of contact between dendrites rather than due to a defect in contact-dependent repulsion (141, 142) . The cell surface molecules responsible for the recognition between dendrites of the same neuronal types have not been discovered. The detailed cellular and molecular mechanisms of dendritic tiling and self-avoidance have been the focus of other comprehensive reviews (4, 40, 154) .
ACTIVITY-DEPENDENT DENDRITIC DEVELOPMENT
In vivo time lapse imaging of CNS neurons has revealed that dendritic arborization is a highly dynamic process. Newly generated Xenopus tadpole neurons first undergo a rapid dynamic growth period, with both high extension rates and high retraction rates. As the neuron matures, both addition and retraction rates of dendrites decline (28, 161) . A similar pattern of dendritic development was also observed in hippocampal pyramidal neurons (162 the first rapid growth period is regulated by activity from presynaptic RGC axons. During this phase, visual input drives RGC activity, which in turn stimulates dendritic arbor growth (163) . Blocking NMDA receptors, but not AMPA receptors, during this phase blocks activity-driven dendritic elaboration (164) . Both the NMDA receptors NR2A and NR2B are required for the effect (165) . Activation of the NMDA receptor decreases RhoA activity and reduces Rac1 and Cdc42 activity to permit branch extension (77, 163) . Imaging studies in both frog and zebrafish larvae revealed that synapse formation occurs simultaneously with dendritic morphogenesis. Maturation of synapses stabilizes the dendrites on which they form (29, 166) . Influx of Ca 2+ triggers activity-dependent gene expression through transcriptional regulators such as CREB and CREST (167, 168) . CREB likely upregulates dendritic extension by driving BDNF expression (168) . Expression and activation of calcium-calmodulin-dependent protein kinase II send a signal to stop growing and to stabilize the dendritic arbor, which switches the arbor to the slow-growing and maintenance phase (28, 169, 170) . Activity-dependent selective stabilization of dendrites requires the NMDA and AMPA receptors (163, 164, 171) as well as insulin receptors (165) and inhibitory GABA inputs (172) . These results support a synaptotrophic model in which dendrites undergo dynamic exploration of the environment to establish connections with axons and the formation of stable synapses favors the stabilization of residential dendritic branches (29, 170) .
There is also evidence that afferent inputs attract or stabilize dendrites in the sensory cortices. For example, in the rodent barrel cortex, layer IV spiny stellate neurons orient their dendrites toward barrel hollows (173) . Removal of the corresponding whisker or disruption of the NMDA receptor impairs this pattern, indicating that incoming activity from thalamocortical axons is necessary for oriented dendritic growth or for stabilization (174) . MADM (mosaic analysis with double markers) analysis has shown that NR2B functions autonomously in layer IV spiny stellate neurons to specifically regulate activity-dependent dendritic patterning without affecting general growth or branching (175) . Similar phenomena are observed in the primary visual cortex of animals with ocular dominance columns. Dendrites at borders of dominance columns are directed unidirectionally toward the dominant column (176) . It has recently been shown that BTBD3 is required for such dendritic field orientation in various cortical regions (56) . Neural activity triggers BTBD3 to translocate into the nucleus, where it potentially controls transcriptional programs to bias dendritic orientation toward the source of activity. Knocking down BTBD3 by shRNA causes dendrites of layer IV spiny stellate cells at the edges of barrels to grow in all directions instead of orienting toward barrel hollows. Interestingly, across species, BTBD3 is expressed only in cortical areas where activity-dependent dendritic plasticity occurs at the same time that thalamocortical axons start innervating the layer IV cortex. In mice, for example, BTBD3 is highly expressed in the somatosensory barrel cortex, olfactory bulb, piriform cortex, and hippocampus, but not in the visual cortex, because mice do not have ocular dominance. In contrast, in organisms with high-resolution ocular dominance columns, such as ferrets and marmoset monkeys, BTBD3 is highly expressed in the visual cortex. Ectopic expression of BTBD3 in the mouse visual cortex is sufficient to bias dendritic orientation toward active axonal terminals. These results suggest that BTBD3 functions as a nuclear factor that regulates dendritic orientation toward high neuronal activity.
OUTLOOK AND OPEN QUESTIONS
Much progress has been made to elucidate the basic mechanisms of dendritic development. Transcription factor networks governing dendritic development have been described. More transcription factors likely remain to be identified and functionally characterized; transcriptomic profiling of PVD neurons in C. elegans identified a total of 112 transcription factors that are enriched in PVD neurons (23) . Similarly, genetic screens in D. melanogaster have identified a plethora of transcription factors involved in the development of da neurons (17) , as have studies profiling direct binding sites of the Abrupt and Knot/Collier transcription factors (60) . Thus, systematic analyses of the transcriptional network will allow us to fully understand how complex developmental programs are coordinated during dendritic arborization. In contrast, our knowledge of the downstream targets of the transcription factors involved in dendritic morphogenesis is sparse, and the molecular logic of how surface guidance receptors and cytoskeletal regulators are controlled by transcription factors will be of great interest.
Another field of investigation will aim at a better understanding of how the tissue environment shapes developing dendrites: What signals exist, which tissues provide them, how are such signals received in neurons, and what signaling pathways are involved? Are these mechanisms molecularly conserved throughout evolution or, as in the case of self-avoidance, mediated through related mechanisms (a large repertoire of extracellular cell adhesion molecules generated through alternative splicing that work through homophilic interactions) but different families of genes (e.g., Dscam in Drosophila versus Pcdhs in mammals)? Although a conceptual understanding of self-avoidance has been compelling, the mechanisms of dendritic tiling remain elusive.
Lastly, obtaining a better understanding of the inner workings of the cell during dendritic arborization will be important. What mechanisms ensure coordinated transport through secretory pathways in dendrites, given that neurons are such highly polarized cells? What is the role of endocytosis in these processes? What cytoskeletal regulatory program creates branches? Are there fundamental differences between axonal branching and dendritic branching at the cytoskeletal level? A new focus on dendritic development, with C. elegans PVD neurons joining the highly successful genetic models in Drosophila and vertebrates, will likely provide answers to many of these questions.
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